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Abstract 
The paper presents the results of the processes accompanying an “intercircuit steam generator (SG) break” emergency in the safe operating 
limits in reactor facilities with lead and lead-bismuth coolants (HLMC). The flow rate of the water and the steam entering the coolant through 
the break corresponded to the bubble and, in part, to the flare outflow patterns with simulation of the steam generator operating conditions. 
Varied patterns were used to simulate the water and steam outflow via SG tube holes of various geometries, including through a side hole, 
into an ejector’s neck and into the working clearance of a labyrinth screw pump, with simulation of different degrees of the light phase 
bubble dispersion in the coolant. The lead melt temperature was 400–550 °C, the pressure was 0.1 to 4.0 kgf 2 /cm, the water temperature at 
the test segment inlet was 20 °C, the water pressure was 0.2–8.0 kgf 2 /cm, the flow rate of the water injected into the liquid metal coolant 
was 0.5–200 kg/h, and the continuous steam load on the lead coolant free surface was up to 10.0. 
The geometry of the channels for the current of two-component flows (HLMC-water, steam) and that of the structural elements immersed 
in a two-component flow was varied. 
Copyright © 2016, National Research Nuclear University MEPhI (Moscow Engineering Physics Institute). Production and hosting by 
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Intercircuit steam generator break” is one of the most po-
tentially hazardous emergencies in energy circuits with lead
and lead-bismuth coolants. During this accident, the water
and the steam from the fluid circuit having a pressure of 40–
240 kgs 2 /cm enters through the tube break the reactor circuit∗ Corresponding author. 
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2452-3038/Copyright © 2016, National Research Nuclear University MEPhI (Mo
B.V. This is an open access article under the CC BY-NC-ND license ( http://creatiith the pressure at the leak point of 0.1–10 kgs 2 /cm and the
LMC temperature of 400–540 °C [1] . The water and steam
eak rate depends on the break location, the steam genera-
or design and the SG operating mode. When the water and
team flows entering the HLMC reach, approximately, tens of
g per day, it is no longer permitted to operate the reactor
acility at the energy generating levels of power. Scram is re-
uired and the reactor needs to be cooled down based on a
edicated program to prevent or significantly limit the coolant
ntry from the reactor circuit into the insides of equipment
nd steam-water circuit piping. 
When the water and steam enter the reactor circuit at quite
 small rate (approximately tens of grams per day or less), a
ituation may occur when the leak cannot be located techni-
ally. It is possible that the break (a crack, etc.) will “close”
hen the steam generator is stopped for repair and as the re-
ult of subsequent attempts to detect (locate) the leak, due to ascow Engineering Physics Institute). Production and hosting by Elsevier 
vecommons.org/licenses/by-nc-nd/4.0/ ). 
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Fig. 1. Share of non-boiled water as a function of the leak depth beneath 
the lead coolant level. Water temperature – 355 °С , pressure – 30 MPa. 
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becrease in the pressure difference between the circuits, a de-
rease in the structure temperature in the search area, and the
eak clogging by the coolant and its oxides. The operations to
etect and stop the leak may become rather time-consuming
nd expensive (since they require the unit outage) and have
ather an unclear result. 
Unlike circuits with alkaline liquid metal coolants (sodium,
ithium, etc.), circuits with lead or melt on its basis rule out
he potentiality of an accident progression with a subsequent
valanche-like breakdown of the reactor circuit components
y the water and steam jets entering the liquid metal coolant.
he latter may have an emergency developing as the result
f effects being external with respect to the water and steam
enetration process. Such emergency took place in the MP7
G of a transport reactor facility with a lead-bismuth coolant,
aused by an abnormal wear of the steam generator tubes due
o the breakdown of the SG tube spacer plates. It is obvious
hat, in the event of an externally caused “intercircuit SG
reak” emergency, its progression is defined by these causes
hich need to be considered as those defining the emergency
s the whole [1] . 
In accordance with the “leak-before-break” concept fairly
pplicable to the conditions of the SG tubes with HLMC
pearlitic or ferritic-martensitic steels, etc.), water and steam
ill initially flow out in the process of the emergency through
 small-size hole (a crack and so on). Flowing through such
oles, water is choked and evaporates in part thanks to a
eduction in its pressure to the reactor circuit pressure at the
eak point (see Fig. 1 ) [2,3] . 
It has been experimentally and technically confirmed
4–8] that the water entering the HLMC disintegrates into
ubbles due to the bulk boiling process and the hydrodynamic
nd thermal interactions with the liquid metal coolant. The
emperature of the water drops in the bubbles is the same as
he saturation temperature at the pressure in the liquid metal
oolant circuit’s local segment. 
If required, in the range of flows from the minimum rate
hen it is possible to locate and stop the leak to the maxi-
um flow when no safe operation of the reactor facility is any
onger possible, the power unit may continue to be limitedlyperated at the energy generating power levels. This possibil-
ty is especially important for small and medium plants sup-
lying power to individual consumers or groups of consumers:
or example, units for the Polar Regions, transportable and
ransport plants the reactor durability requirements to which
re becoming more stringent [9–11] 
Aspects of the “intercircuit SG break” emergency in
LMC reactor facilities are presented in [1–4] , and the results
f these activities are summarized in [8,9,12] . 
bjective 
The objective of the NNSTU activities described below
s to update the characteristics of the processes accompany-
ng an intercircuit SG break with limited water and steam
ows entering the HLMC, depending on the geometry of the
ight phase injection unit, patterns of the two-component flow
ormed, and its characteristics obtained in the course of asso-
iated experiments on HLMC test benches. 
escription of experimental facilities and procedures 
Studies were conducted with the following options for the
ater and steam injection into the HLMC. 
1. Nozzle extensions with water and steam injection and dis-
persion using the pressure energy delivered into the exper-
imental facility of the following geometry 
– an outflow nozzle in the form of circular holes with a
diameter of 0.5–1.5 mm; 
– an outflow nozzle in the form of horizontal slits with
the dimensions of 1.4 х 15.0 mm and 0.8 х 10.0 mm; 
– an outflow nozzle in the form of an artificial crack with
a length of 10.0 mm and a variable gap width of 10–
200 μm. 
2. Water and steam injection through a side hole into the
working gap between the rotating screw and the immovable
sleeve of the labyrinth screw pump for the lead coolant
transfer. 
3. Water and steam injection into the lead coolant via a side
hole with a diameter of 3.0 mm in the ejector neck with a
diameter of 6.0 mm. 
The experimental temperature of the S-0 lead coolant var-
ied in a range of 400–550 °C. The two-component flow
was circulated in the HLMC circuit thanks to the mov-
ing head generated by: 
– the gaslift during water and steam injection into the “free”
and the “constricted” spaces for bubbling; 
– a centrifugal pump with a lead coolant flow rate of up to
6.0 m 3 /h; 
– a labyrinth screw pump with a lead supply of up to
2.5 m 3 /h. 
The temperature of the water fed to the test facility inlet
as 20 °C, and the rate of its injection into the HLMC was
etween 0.5 and 200 m 3 /h. 
158 A.V. Beznosov et al. / Nuclear Energy and Technology 2 (2016) 156–160 
Fig. 2. A labyrinth screw pump with a tube for injection of water into the 
working gap. 
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3  The size of the light phase bubbles in the HLMC was
monitored and the velocities of the bubbles, the velocities of
the bubble trains and the numbers of bubbles in a train were
determined using NNSTU-designed time-of-flight annuncia-
tors installed at a depth between 2700 and 150 mm beneath
the free lead level. The minimum monitored size of the light
phase bubbles was about 1.0 mm. The local temperature in
the HLMC and in the two-component flow was monitored by
miniature thermocouples installed at a depth between 2700
and 130–140 mm beneath the lead level and in the steam
(steam-gas) space above the free HLMC level. The annun-
ciator signals were processed using respective programs of
the test bench’s computer-aided data collection and process-
ing system. 
Information obtained in the course of testing an NSO-
01NGTU submersible axial flow pump with the blade systems
simulating the BREST-OD-300 reactor coolant pump system
was used to discuss the results [13,14] . The discussion also
involved information obtained from an experimental charac-
terization of heat transfer for the case of tubes, simulating the
SG tubes, immersed in a two-component lead – light phase
flow [10,15] . Fig. 3. Histograms of the distribution of sizes and floating rates for steam bubbles
level – 1740 mm. iscussion of results 
The device for the water and steam dispersion designed as
he working gap of the labyrinth screw pump ( Fig. 2 ) gener-
tes bubbles with dimensions of knowingly less than 1.0 mm
hat were not recorded by contact annunciators as part of the
wo-component flow with a simultaneous marked free level
ise inside the circuit. The coolant volume degassing time
with the HLMC free level lowered to the initial level) after
he pump stop and the termination of the water and steam cir-
ulation and injection was 2–4 h. The difference in the steam
emperatures above the free level of the lead and its melt,
s compared to other devices for the injection of fluid into
he coolant, was 30–50 °C. No water particles (small drops)
n the form of white fog were observed in the steam flowing
ut. No variations in the hydraulic resistance of the HLMC
irculation line were recorded 
With water and steam injected into the flow, the free lead
evel in the ejector neck rose after 30–60 min of operation,
nd the HLMC pump motor current decreased from 5.5 to
.5 А (due to the pumping of a less dense HLMC and light
hase mixture) and increased back to the initial level after the
ater and steam injection into the HLMC flow was stopped.
n intense agglomeration of bubbles was recorded. When the
ump shaft speed increased from 1000 to 1500 rev/min, no
ronounced variation in the number of the recorded bubbles
as observed. The distributions of the number of large-size
2.0–20.0 mm) agglomerated bubbles were conservative to the
ariation in the rate of the water and steam flows injected into
he HLMC. The floating rate of the light phase bubbles in the
ipelines and in the separation tank was 0.3–1.4 m/s 
An analysis into the results of the water and steam injec-
ion via a circular hole with a diameter of 1.0 mm, via hor-
zontal slits and via an artificial crack for bubbling through
 lead layer in the gaslift conditions shows that the bubble
izes and floating velocities did not practically depend on
he water and steam flow rates (in the scope of the investi-
ation) for each of the tested fluid injection options ( Figs.
 , 4 ). The smallest bubble size and, therefore, the lowest: water flow rate through an extension −2.35, EKD2, depth beneath the lead 
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Fig. 4. Histograms of the distribution of sizes and floating rates for steam bubbles: water flow rate through an extension – 3.25, EKD2, depth beneath the 
lead level – 1740 mm. 
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 ubble floating rate were observed for the extensions with
rtificial cracks; the most probable bubble size and floating
ate were about 1.0 mm and about 0.1 m/s respectively. With
uch an extension, there is a great difference observed be-
ween the bubble sizes monitored by annunciators at a depth
f 1740 and 830 mm beneath the lead level, which is in-
icative of their fragmentation in the course of the floating
rocess 
According to estimates [7,8] , the evaporation time for a
ater drop of 1.0 mm is about 30 s and that for a water drop
f 0.1 mm is 1.5 s 
No drops evaporated in full for the floating time (30 s or
ore) in experiments with water and steam injection for bub-
ling through the lead layer at a temperature of 450 to 500 °C.
bove the HLMC level, finely divided water condensate drops
ere observed in the form of white fog, which fits the calcu-
ation results in quality terms. The experimentally determined
eat transfer coefficient for the evaporation of a water drop
n the process of contact heat transfer was 0.145 kW/m 2 ×°С ,
hich is nearly 1.5 times as less as the coefficient of heat
ransfer through a steel wall in similar conditions. Such re-
ation stems from a high heat resistance of the steam layer
round the water drop 
Temperature fluctuations in the two-component flow mea-
ured by a thermodynamic probe cease to be observed in the
ow ascending portion, 0.4 to 0.5 m above the immersion
epth of the extension for the light phase injection. This is
xplained by the dispersion of water drops to 0.5 mm or a
maller size at which they cannot be any longer detected by
he thermal probe’s miniature thermocouples 
A spontaneous rise in the free lead coolant level inside
he FT-4 NNSTU test bench circuit (lead flow rate – up to
000 t/h, temperature – 440–500 °C, HLMC mass – about 10
) was observed during tests of the BREST-OD-300 reactor
oolant pump (RCP) models. The pump outlet is designed as a
constant head tube” leaving which the lead jets drop onto the
oolant’s free surface and entrap the gas phase, while carrying
t further with the lead flow. After 60–90 min of the test bench
peration, a dynamic equilibrium is established between the
ntrapped gas and the gas separated from the HLMC i  The free level “swelling” was 150–200 mm which corre-
ponds to 0.15–0.2 m 3 of the lead melt. An increase in the
oolant bulk flow rate was recorded by the test bench flow
eter with the pump motor torque, power and speed being
nvariable. It took about 2 h for the free coolant level in the
ircuit to decrease to the initial level after the pump stop 
The experiments conducted at NNSTU to characterize the
eat transfer for the case with the lead coolant cross flow
round the tubes of 17 х 3.0 mm also included experiments
ith injection of gas and steam into the HLMC flow up-
tream of the test segment [6,11] in which a drastic change
n the heat transfer characteristics was shown under these con-
itions. With the light phase injected into the flow at a rate
f 11.4 to 186 l / h there was a drastic decrease in the tem-
eratures of the outer and inner walls of the heat transfer
urfaces. These temperatures rise sharply thereafter, follow-
ng which the cyclical process is repeated. Fluctuations of
hese temperatures are recorded with an invariable fluctua-
ion period. The average fluctuation amplitude for the outer
heated) tube surface ( Аheat =5 °C) is higher than for the in-
er (heat removing) surface. When the gas feed is stopped,
he temperature fluctuation amplitude decreases, after which
t stabilizes. An increase in the light phase flow rate up to 250
 / h leads initially to the temperature fluctuations described
bove, and thereafter, with the light phase feed continued at
he same rate, the temperatures of the inner and outer walls
evel off, while the temperature head becomes equal to zero,
hich corresponds to the termination of heat transfer through
he tube surfaces. When the light phase feed into the HLMC
ow is stopped, temperature fluctuations with an amplitude
f Аout =8 °C and Аin =6 °C and a fluctuation period of 14.8 s
rise in the walls and start to grow. Continuous cyclic tem-
erature fluctuations in the heat transfer tube wall may lead
o the wall fatigue failure, so this aspect shall be taken into
ccount in the design of steam generator tubing as far as its
ifetime functionality and reliability are concerned 
onclusion 
Analytical and experimental data have confirmed that it
s basically possible to continue the operation of an HLMC
160 A.V. Beznosov et al. / Nuclear Energy and Technology 2 (2016) 156–160 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
[  
[  
 
 
[  
 
[  
 
 
[  
 
[  
 reactor facility in the safe operation limits in the event of
an “intercircuit steam generator break” emergency with wa-
ter and steam flowing into the reactor circuit. The maximum
allowable value depends on the type, capacity and type of
installation of the steam generator. 
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